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Electromagnetic properties of hadrons via theu-d mass difference and direct photon exchange

R. Delbourgo,* Dongsheng Liu,† and M. D. Scadron‡
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We demonstrate that au-d quark mass difference~which we estimate to be about 4 MeV! within quantum
loops can reproduce the effects of the Coleman-Glashow electromagnetic tadpole operator.
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I. INTRODUCTION

It is now well understood that the neutron is heavier th
the proton because the down quark is heavier than the
quark, which more than compensates the positive elec
magnetic charge energy of the proton. An earlier, alterna
interpretation of the idea is due to Coleman and Glashow@1#
who express this as an electromagnetic Hamiltonian oper

Hem5HJJ1Htad
3 , ~1!

which contains an intrinsic ‘‘tadpole’’ term transforming a
the third component of isospin@l3 in an SU~3! context#; the
HJJ piece corresponds to the first order in thea contribution
due to photon exchange, which can be estimated in var
ways and is predominantly positive. By using the group t
oretical properties ofHtad

3 one can thereby correlate man
mass differences and magnetic moments of hadrons with
multiplet.

In this paper we shall try to ascribe the tadpole term to
u-d constituent quark mass difference and therefore obta
more dynamical picture of its origin. This will involve evalu
ating the differences of certain ‘‘bubble graphs’’ plus
vacuum ‘‘tadpole’’ diagrams for hadron self-energies, in a
dition to virtual photon emission or absorption graphs. Ap
from the vacuum diagrams, these bubble graph differen
contain logarithmic infinities, requiring regularization.~The
results are actually insensitive to the regularization and
not depend on momentum routing.! In any case, as neede
we will at various points make use of simple quark chi
symmetry ideas@2#, such as the Goldberger-Treiman relati
~for f p.93 MeV andg52p/A3)

f pg5~mu1md!/2[m̂.337 MeV, ~2!

which correspond to ‘‘gap equations’’ in a dynamical co
text, in order to handle logarithmic infinities which som
times arise.@The magnitude~2! also arises in the context o
magnetic moments@3#.# We will see that this quark interpre
tation of the Coleman-Glashow tadpole works quite well a
provides a more fundamental description of the electrom
netic properties of hadrons.
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However, before starting, it is as well to remind ourselv
about the sort of magnitudes that we are chasing. Thep-n
mass difference of about21.3 MeV gives a first indication:
since virtual photon exchange provides the positive term

^puHJJup&.1.2 MeV, ^nuHJJun&.0, ~3!

we may deduce@4#

^puHtad
3 up&2^nuHtad

3 un&.22.5 MeV. ~4!

The naive conclusion is therefore thatmd2mu;3 MeV. In
the same vein, the observedS22S1 mass splitting of 8
MeV suggests that

md2mu.~mS22mS1!/2.4 MeV, ~5!

since theHJJ contribution, due alone to magnetic momen
is small; it also accords with the SU~3! symmetry prediction
@5# (Htad

3 )S12S2.3(Htad
3 )p2n.27.5 MeV. Finally, we

may extract a crude value formd2mu from the observed
K0-K1 mass difference, since bothds̄ andus̄ have the same
quark structure; thus,

md2mu.mK02mK1.4 MeV.

We will review expectations for theu-d mass difference
in the next section. Then in Sec. III we shall study pseu
scalar meson electromagnetic mass splittings from the
spective of QED and quark loop diagrams. A similar a
proach is applied to vector mesons in Sec. IV, with particu
emphasis onDI 51, v-r0 mixing. We will find that all cases
associated with logarithmic divergences are governed b
universal ~tadpole! scale of about25200 MeV2, which is
determined by ad-u mass difference of about 4 MeV. Ther
we also offer some comparisons with other group-theoret
approaches.

II. CONSTITUENT QUARK D-U MASS DIFFERENCE

The nonstrange and strange constituent quark masse
very roughly given by m̂.mr/2;380 MeV, ms.mf/2
;510 MeV, respectively. Similar results follow by examin
ing the baryon masses but more accurate scales are f
from the Goldberger-Treiman relation~2! and its analogue
f Kg5(ms1m̂)/2. Since experiments@6# give f K / f p.1.22,
one deduces thatms /m̂.1.44, leading to the mass scale
©1999 The American Physical Society06-1
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~within a few MeV!, m̂.340 MeV, ms.490 MeV.
To obtain the still smalleru-d mass difference, it is nec

essary to look at electromagnetic~EM! mass differences be
tween baryons, as indicated above, which suggest thatmd
2mu;4 MeV. A similar inference can be drawn from th
pseudoscalar mass differences: first, we note thatHtad does
not contribute to thep1-p0 mass difference; second, w
take it that theHJJ term gives a comparable magnitude bo
to p1-p0 and K1-K0 squared masses. It follows that th
tadpole contribution tomK1

2
2mp1

2 is determined by@4#

DmK
2 2Dmp

2 .25200 MeV2. Because we are ascribing th
part to the underlying quarks, we may roughly equate it
~as we shall confirm in different guise in the next sectio!
2(mu2md)mK , whereupon one deducesmd2mu;4 MeV.
Dashen’s EM PCAC~partial conservation of axial vecto
coupling! theorems@7# are in conformity with this result.

Another source of information is the amazingly accur
hyperfine splitting quark model@8# which predicts the con-
stituent mass differencemd2mu.6 MeV, but in conjunc-
tion with a ~baryon! quark mass scale ofm̂.363 MeV.
Since this is rather greater than the previous scale by a fa
of about 10%, one is inclined to reduce the Isgur value
md2mu to 5.5 MeV or less. The Particle Data Group tab
@6# provide yet another source, but for the current quark m
difference; they say that (md2mu)current hovers around 5
MeV with an error of about 2 MeV. A more global approac
due to Lichtenberg@9# finds that the constituentd-u quark
mass difference exceeds 4.1 MeV. Given all these clues
expect that constituent mass differencemd2mu
.4 –5.5 MeV will be fairly close to the truth.

Let us use the magnitude ofHtad
3 to come to some con

clusions about the magnitude of theHJJ piece for various
baryons and thereby estimate the strong interaction cu
scale. The group-theoretical factors ensuing from
Coleman-Glashow operatorHtad

3 and the overall scale, est
mated in Ref.@10#, provide the figures

~Htad
3 !p2n.

2

3
~Htad

3 !S02S2.
1

3
~Htad

3 !S12S2

.
1

2
~Htad

3 !J02J2.22.5 MeV. ~6!

Concentrating on the proton, we deduce that (HJJ)p
.1.2 MeV in order to give the observedn2p mass differ-
ence. Thus, neglecting magnetic moment contributions to
fermion self-energy~which never exceed about 0.3 MeV!
and using the standard QED result

~HJJ!p.S~m!5
3a

2p F lnS L

mp
D1

1

4G.1.2 MeV, ~7!
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we require a strong interaction cutoffL.1.05 GeV. This is
a reasonable magnitude since it comes from vector-me
dominated intermediate states and we will be adopting si
lar values subsequently to estimate the photon exchange
tributions to meson masses. But in any case the picture lo
rather good for baryons when one also includes@10# the
smaller magnetic contributions, as one can see from Tab

III. PSEUDOSCALAR MESON MASS DIFFERENCES

We ascribe the SU~2! differences to photon exchange an
thed-u quark mass disparity in intermediate loops in order
see if we can arrive at the same sort of estimate as the gr
theoretical tadpole method. Turning first to the pions, it
readily established that the quark loop diagrams give~see
Fig. 1!, at zero external momentum@11#,

~mp1
2

2mp0
2

!q loops528iNcg
2E d̄4p

p22mumd

~p22mu
2!~p22md

2!

14iNcg
2E d̄4pF 1

p22mu
2

1
1

p22md
2G .

~8!

@We have dropped the isospin-1a0(980) vacuum tadpole
contribution, becausea0 does not couple to pion pairs.# The
result~8! equals (md2mu)2 and may be neglected, in agre
ment with group-theoretical symmetry arguments@1#. Not so
the photon exchange contribution@12# to the charged pion,
which is quadratically divergent in QED and, via dispersi
relations, may be estimated to equal

~mp6
2

!JJ.
a

2p
$L21mp

2 @ ln~L2/mp
2 !21#%. ~9!

Since it is identified withDmp
2 .1260 MeV2 experimentally,

we require a cutoffL.1.02 GeV, rather close to thep2n
cutoff, used earlier. This is an encouraging sign.

Next we consider the kaons. Here, neither the qu
bubble nor thea0 tadpole graph is negligible and we need,
ever, the photon exchange contribution

TABLE I. SU~2! mass splittings for octet baryons, in MeV.

Baryons HJJ Htad
3 Total Data

mp2mn 1.2 22.5 21.3 21.29
mS02mS2 21.0 23.8 24.8 24.960.1
mS12mS2 20.3 27.5 27.8 28.160.1
mJ02mJ2 21.1 25.0 26.1 26.460.6
e
FIG. 1. Quark loop plus photon exchang
contributions tomp12mp2.
6-2
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FIG. 2. Quark loop contributions to thep
2hns transition element.
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~mK6
2

!JJ.
a

2p
$L21mK

2 @ ln~L2/mK
2 !21#%.1420 MeV2,

~10!

again using a cutoff of about 1.05 GeV. The near agreem
between Eqs.~9! and ~10! is compatible with Dashen’s
PCAC result@7#. The difference between quark loop cont
butions~see Fig. 2! is

~mK1
2

2mK0
2

!q loops

528iNcg
2E d̄4p

~p1k!22ms
2

3F p•~p1k!2msmu

p22mu
2

2
p•~p1k!2msmd

p22md
2 G

1
8igga0KKNc

ma0

2 E d̄4pF mu

p22mu
2

2
md

p22md
2G .

~11!

Using the logarithmic divergent gap equation for thesū sys-
tem @13#, namely,f Kg5(ms1m̂)/2 or

1524iNcg
2E d̄4p

~p22ms
2!~p22m̂2!

, ~12!

and the regularization-insensitive identity@13#

E d̄4p

p22m2
5E m2d̄4p

~p22m2!2
1

im2

16p2
,

we are able to estimate the zero-momentum finite expres
@14#
11300
nt

on

~DmK
2 !q loops[~mK1

2
2mK0

2
!q loops

.~mu2md!@2~2m̂2ms!

23m̂2~m̂2ms!/2~m̂21ms
2!]

18ga0KK~mu2md!m̂2/gma0

2 , ~13!

remembering thatg2Nc54p2. Since the experimental mag
nitude is (DmK

2 )5(DmK
2 )JJ1(DmK

2 )q loops.23960 MeV2,
we require that (DmK

2 )q loops.25380 MeV2. To make fur-
ther progress we require some knowledge aboutga0KK . On

the one hand, we have the chiral estimate@13# ga0KK

5(ma0

2 2mK
2 )/2f K.3140 MeV, and on the other hand, U~3!

symmetry says thatga0KK5gspp/25ms
2/2f p.2550 MeV;

probably the true value lies somewhere in between, s
ga0KK.2700 MeV with a possible error of 200 MeV. Sub

stituting this into Eq.~13!, we are led to the valuemd2mu
.5380/1320.4.1 MeV, which is quite reasonable.

The same idea can be used to estimate the nonstr
electromagnetic transition amplitudeMphns

5^p0uHemuhns&.
In this case we do not have to worry about photon excha
and the surviving one-loop diagrams are given in Fig.
Here one finds

Mphns
524ig2NcE d̄4pF 1

p22mu
2

2
1

p22md
2G

2
8iNcgga0phns

ma0

2 E d̄4pF mu

p22mu
2

2
md

p22md
2G .

We are on much firmer ground now if we claim th
ga0phns

52ga0KK5ms
2/ f p.5140 MeV, since this just relies

on U~2! symmetry. Using the gap equation andms52m̂, we
arrive at the clean resultMphns

52m̂(mu2md)116m̂3(mu
e
FIG. 3. Quark loop plus photon exchang
contributions tomK02mK1.
6-3
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FIG. 4. Quark loop contributions to ther
2v transition element.
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2md)/ma0

2 .1310(mu2md), and thereby can predict th

characteristic valueMphns
.25240 (MeV)2, for md2mu

.4 MeV.

IV. VECTOR MESON MASS DIFFERENCES

Next we turn to the vector mesons and the all-import
coupling between theI 50,v and theI 51,r. The calcula-
tions are even simpler in this case. First, we have the pho
exchange term, which comes out cleanly near the ve
mass shellk25mrmv as

~HJJ!vr~k!5e2k2/~grgv!.640 MeV2, ~14!

since the leptonic rates givegr /e.16.6 andgv /e.56.3 via
vector meson dominance. Then we have the QED-
bubble polarization tensor term

Pmn5~2k2gmn1kmkn!P~k2,mq
2!gr

2/4, ~15!

where, in a first approximation, we have used the U~2! sym-
metry coupling constants,gr0uu52gr0dd5gvuu5gvdd
5gr . The polarization function, being@15#

P~k2,m2!528iNcE
0

1

daE a~12a!d̄4p

@p22m21k2a~12a!#2
,

~16!

the difference between theu and d quark contributions is
easily found, because it is finite. Atk25mr

2.mv
2 one obtains

P~k2,mu
2!2P~k2,md

2!

5216iNc~md
22mu

2!E
0

1

a~12a!da

3E d̄4p

@p21k2a~12a!#3
5

Nc~md
22mu

2!

2p2k2
. ~17!

Hence, via the inverse propagatorDmn
21(k)5kmkn2k2gmn

1Pmn(k)52gmn(k22m2)1kmkn terms, one sees tha
2k2P(k2) has the significance of a squared mass. To
bubble contribution must be added thea0 tadpole contribu-
tion ~see Fig. 4 for the sum of all graphs!, which equals

2
4iNcga0vr

ma0

2 E d̄4pF mu

p22mu
2

2
md

p22md
2G .

Let us invoke SU~4! spin-flavor symmetry and setga0phns

5ga0rv in order to progress the evaluation; in this mann
11300
t

n
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e
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r

we estimate thea0 tadpole contribution to equal that of th
p2hns transition, namely, 16m̂3(mu2md)/ma0

2 . Altogether,

one deduces

~Hq loops!vr5gr
2Nc~mu

22md
2!/8p2116m̂3~mu2md!/ma0

2 .

~18!

The right-hand side can be estimated by using the exp
mental valuegr55.03 @2,16#; one finds that both terms in
Eq. ~18! contribute almost equally, the result bein
(Hq loops)vr.1310(mu2md).25240 MeV2, for md2mu
.4 MeV. Adding it to the photon exchange contribution, w
end up with

~Hem!vr5~HJJ!vr1~Hq loops!vr.24600 MeV2.
~19!

This agrees reasonably well with the magnitude (Hem)vr.
24520 MeV2, derived experimentally from thev→r0

→2p rate @17,18#.
We can extend these ideas to other mixings likerJ/c,

rY, but such calculations are sensitive to the amount of
mixture of nonstrange mesons in the heavy meson sta
Indeed the experimental rates forJ/c and Y to two pions
and two kaons directly measure the admixtures—and t
are very small. Thus we are unable to test properly our qu
loop hypothesis in those cases.

The calculations above confirm that one can view
Coleman-Glashow tadpole piece as equivalent to ad-u mass
difference of about 4 MeV in the context of a quark mod
In this way we achieve a more fundamental picture of
electromagnetic properties of hadrons, when we combine
quark mass difference effect with standard photon emiss
and absorption.

To conclude this paper, we comparer-v mixing with
other methods of estimation. First, there is the method ba
on the Coleman-Glashow tadpole@19#:

~Htad
3 !vr52^0uHtad

3 ua0
0&ga0vr0 /ma0

2 [2 f a0
ma0

2 / f p .

~20!

For f a0
.0.5 MeV, this gives (Htad

3 )vr.25200 MeV2. Sec-
ond, one may use SU~3! symmetry to connect this matrix
element with theK* masses:

~Htad
3 !vr.DmK*

2
2Dmr

2.25130 MeV2. ~21!

Third, one can apply fully fledged SU~6! symmetry to equate
Eq. ~21! with

~Htad
3 !vr.DmK

2 2Dmp
2 .25220 MeV2. ~22!

In no case is there any striking discrepancy. It might
possible also to generalize the argument to heavier me
6-4
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such asD, Ds , Dc, andB; this would require strong faith in
mass extrapolations and we have not been brave enoug
try that. In this connection it is worth recalling the result
Lane and Weinberg@20#, based on phenomenological chir
Lagrangians, which yieldsmd2mu;4.5 MeV and which
predictsmD12mD0.6.7 MeV.

As a parting note, observe that whether we use
Coleman-Glashow tadpole or regard it as the effect of an
quark loop, one is always making contact with data in
~low-energy! s channel. Alternatively, Harari@21# invoked
crossing and duality to convert the view into the~high-
i-

E.

n,

11300
to

e
M
e

energy! t channel. By studying superconvergent relations,
identified theDI 51 tadpole with a subtraction constant
the t channel, associated with ther trajectory, and thereby
justified the Coleman-Glashow procedure.

ACKNOWLEDGMENTS

We thank the Australian Research Council for providing
grant which enabled this collaboration to take place. M.D
appreciates the hospitality of the University of Tasmania
er-
the
-
he
ier
as
ale
-

ys.
@1# S. Coleman and S. Glashow, Phys. Rev.13, B671 ~1964!.
@2# R. Delbourgo and M.D. Scadron, Mod. Phys. Lett. A10, 251

~1995!.
@3# A. DeRujula, H. Georgi, and S. Glashow, Phys. Rev. D12,

147 ~1975!.
@4# S.A. Coon and M.D. Scadron, Phys. Rev. C51, 2923~1995!.
@5# Taking the standardd/ f ratio as21/3.
@6# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!.
@7# R. Dashen, Phys. Rev.183, 1245~1969!.
@8# N. Isgur, Phys. Rev. D21, 779 ~1980!.
@9# D.B. Lichtenberg, Phys. Rev. D40, 3675~1989!.

@10# F. Buccella, M. Cini, M. DeMaria, and B. Tirozzi, Nuovo C
mento A64, 927 ~1969!.

@11# Our notation below isd̄4p[d4p/(2p)4.
@12# T. Das, G.S. Guralnik, V.S. Mathur, F.E. Low, and J.

Young, Phys. Rev. Lett.18, 759 ~1967!; J.S. Gerstein, B.W.
Lee, H.T. Nieh, and H.J. Schnitzer,ibid. 19, 1064~1967!.

@13# R. Delbourgo and M.D. Scadron, Int. J. Mod. Phys. A13, 657
~1998!; R. Delbourgo, M.D. Scadron, and A.A. Rawlinso
Mod. Phys. Lett. A13, 1893~1998!.
@14# It is a surprising fact that meson interactions are well det
mined by quark loops at zero external momentum; for
lighter mesons such asu,d,s, this is no big deal as the extrapo
lation from the mass shell to zero momentum is small. T
amazing thing is that trilinear meson couplings for the heav
quarkc composites are also well predicted in this way. It is
though there is an underlying renormalization mass sc
which is much larger thanLQCD which renders the continua
tion innocuous.

@15# See, for instance, R. Delbourgo, Rep. Prog. Phys.39, 345
~1976!.

@16# L.H. Chan, Phys. Rev. Lett.39, 1124~1977!; 55, 21 ~1985!; V.
Novozhilov, Phys. Lett. B228, 240 ~1989!.

@17# S.A. Coon and R.C. Barrett, Phys. Rev. C36, 2189~1987!.
@18# S.A. Coon, P.C. McNamee, and M.D. Scadron, Nucl. Ph

A249, 483 ~1975!; A287, 381 ~1977!.
@19# N. Paver and M.D. Scadron, Nuovo Cimento A79, 57 ~1984!;

81, 530 ~1984!.
@20# K. Lane and S. Weinberg, Phys. Rev. Lett.37, 717 ~1976!.
@21# H. Harari, Phys. Rev. Lett.17, 1303~1966!.
6-5


